Standard oral glucose tolerance test with 1.75 g/kg oral glucose was performed in six of the patients who were older than 3-years of age. Impaired glucose tolerance was found in all patients as expected and two of them had overt diabetes. None of the antidiabetic medications were given to them in order to avoid significant hypoglycemia. Beside the conservative treatment, follow up with frequent oral glucose tolerance tests are planned.
Fanconi-Bickel syndrome (FBS), also called glycogen storage disease type XI, has been known since the 1940s and was first described by Fanconi and Bickel. 1 It is an autosomal recessive carbohydrate metabolism disorder, caused by mutations in the GLUT2 (SLC2A2) gene on chromosome 3q26.1-26.3, encoding facilitative glucose transporter protein 2 (GLUT2). 2 GLUT2 is expressed in hepatocytes, pancreatic beta cells, renal tubular cells and enterocytes. 3 In hepatocyte, it provides glucose release in response to the decrease of plasma glucose levels. In pancreatic beta cells, according to changes in plasma glucose levels, GLUT2 adjusts proper insulin secretion. GLUT2 also plays an important role in monosaccharide transport both in renal tubular cells and enterocytes. 3 SLC2A2 mutations leads to FBS present with failure to thrive, hepatomegaly, hypophosphatemic rickets and renal Fanconi syndrome (proteinuria, glycosuria, phosphaturia and generalized aminoaciduria). Similar to some other hepatic glycogen storage diseases presenting with fasting hypoglycemia, postprandial hyperglycemia is common for this syndrome.
Postprandial hyperglycemia is caused by the defective insulin secretion of the pancreatic beta cells and reduced glucose uptake by the liver and rarely overt diabetes develops. [4] [5] In animal studies SLC2A2 inactivated mice presents with significant hyperglycemia with low levels of insulin and exogenous insulin infusion improves the symptoms in these mice and prevents the mortality 6 . Recent studies showed that restorage of SLC2A2 expression provides normalized insulin secretion from the pancreatic beta cells. 7 Although FBS is generally considered a welldefined disease, phenotypic variability including atypical phenotype, and variable clinical severity from mild presentation to overt diabetes mellitus has been reported. 8 There is no specific treatment of FBS, the management for renal Fanconi syndrome includes replacement of fluid and electrolytes; supplementation of vitamin D, calcium, phosphorus, and bicarbonate. Small frequent m e a l s w i t h u n c o o ke d c o r n s t a r c h a r e recommended in order to avoid hypoglycemia. 9 We tested 8 patients with FBS whether SLC2A2 gene mutations cause impaired glucose tolerance even diabetes and furthermore we determined if there is a relationship between the mutation and the phenotype.
Materials and Methods
Eight patients from six different consanguineous parents, diagnosed with FBS were included in the study. Failure to thrive, hepatomegaly, hypophosphatemic rickets and tubulopathy were the common findings. Laboratory findings are presented in Table I .
The study was reviewed and approved by an institutional review board. All of the diagnostic tests and treatment applied to the patients were part of the routine follow up. Written informed consent were provided by both of the parents.
Subject Selection

Subject 1
A 4-months-old boy was admitted for the evaluation of failure to thrive. The baby was the first issue of consanguineous Turkish parents and had been born through normal vaginal delivery at term with birth weight of 3 kg; without any significant antenatal and postnatal history. Exclusively breastfeeding was continued.
Physical examination detected; weight 4700 g, head circumference 37 cm, and height 54 cm (all were below 3rd percentile). Anterior fontanel was wide open, craniotabes, Harrison's groove and rachitic rosaries were noticed. Abdominal examination detected hepatomegaly (4 cm), without any other organomegaly or ascites.
Liver transaminases were mildly elevated. Blood urea and serum creatinine, uric acid and lactate levels were within normal limits. Investigation revealed normal serum calcium, reduced phosphorus and markedly elevated serum alkaline phosphatase. Urine biochemistry showed pH of 6, specific gravity 1.026, glucosuria 2+, proteinuria 2+. Normal anion gap metabolic acidosis was significant. Wrist X-ray showed features of active rickets. Ultrasonography of abdomen revealed hepatomegaly with normal echotexture.
All of these features suggested a liver disease concomitant with proximal renal tubular acidosis. As galactosemia and tyrosinemia were excluded with normal bilirubin levels, also mitochondrial diseases were excluded with normal lactic acid levels and urine fructose was negative, consequently the most probable diagnosis was FBS.
Subject 2 and 3
A one-year-old girl, first child of first-degree consanguineous parents, presented with failure to thrive, recurrent vomiting and dehydration attacks. Hepatomegaly, abdominal distension and rickets were the presenting findings. The rest of the systemic examination were normal. Blood urea nitrogen, creatinine and uric acid levels were normal. Liver transaminases are mildly elevated. After the documentation of glucosuria, proteinuria and aminoaciduria indicated proximal renal tubular acidosis. Abdominal ultrasonography revealed hepatomegaly with normal echotexture. Episodes of metabolic acidosis with normal anion gap was remarkable. Fasting hypoglycemia and postprandial hyperglycemia were recorded as expected during Table I . Laboratory Findings of the Patients. the course of the disease. Since the findings of hypophosphatemic rickets, proximal renal tubular dysfunction, episodes of normal anion gap metabolic acidosis, hepatomegaly and liver dysfunction, FBS was the probable diagnosis.
At the age of 6 years old, the parents decided to have a second child. Although genetic counselling and prenatal diagnosis were recommended, none were accepted by the family. Second child of the family was asymptomatic in the first 4 months of life, except mildly elevated transaminases. At the age of six months, symptom started to be apparent. Failure to thrive, episodes of metabolic acidosis, features of hypophosphatemic rickets, proximal renal tubulopathy, and fasting hypoglycemia appeared.
Subject 4 and 5
A 16-year-old boy, born to a third-degree consanguineous couple presented with failure to thrive and vomiting at the age of 9 months. He also had progressive abdominal distension since the age of 3 months. Soft hepatomegaly was obser ved without splenomegaly or ascites. Liver transaminases were mildly elevated without any evidence of cholestasis. After the administration, features of active rickets were noted and he was diagnosed as hypophosphatemic rickets and oral vitamin D treatment and phosphate supplementation were given. Generalized aminoaciduria, glucosuria and mild proteinuria pointed out proximal renal tubular acidosis. Normal anion gap metabolic acidosis accompanied with vomiting attacks. Since the presence of generalized proximal renal tubular acidosis, hypophosphatemic rickets, hepatomegaly and liver dysfunction, FBS was the suspected diagnosis. During the growingup period the main symptoms were fasting hypoglycemia and postprandial hyperglycemia. Then, short stature was markedly evident and puberty was delayed. Bone mineral analysis by dual energy X-ray absorptiometry revealed low bone mineral density with the lumbar vertebrae z score -2.3 and intravenous bisphosphonate treatment was given.
Despite being informed, the parents of the patient did not consider prenatal diagnosis and had a second child from an unplanned pregnancy. Although the parents had detailed knowledge of the disease, they did not bring the sibling until the age of 19 months. Walking delay and abdominal distension were the complaints of admission. Doll-like face, developmental delay, hepatomegaly, and active rickets were the findings of the physical examination. Abdominal ultrasonography verified hepatomegaly. Episodes of fasting hypoglycemia was common. Proximal renal tubular acidosis was evident with the presence of generalized aminoaciduria, mild proteinuria and glucosuria. Due to the family history, FBS was the suspected diagnosis as the elder sibling and the diagnosis was confirmed by the molecular studies.
Subject 6
The patient was the first child of consanguineous Turkish parents and had been born through normal vaginal delivery without any significant prenatal and postnatal history. First symptoms of the disease, appeared when the patient was 4 months old, implicated polyuria and excessive thirst. In the following days he developed generalized proximal renal tubular defect with 
Subject 7
He was the third offspring of first degree cousins. The mother had one spontaneous abortion at 3 months of gestation. There was no significant family history. At the age of six months he was admitted to the hospital for the complaints of failure to thrive and abdominal distention. Initial physical examination revealed firm and smooth hepatomegaly with short stature. Doll-like face was also noted. Ultrasonography confirmed normal echotextured hepatomegaly. Liver enzymes were elevated. At the age of twelve months, the anterior fontanel was wide open, pectus excavatum, Harrison sulcus, widening of wrists and ankles was noticed. He was treated for hypophosphatemic rickets with sodium phosphate and vitamin D. Urine analysis revealed proteinuria and glucosuria with generalized aminoaciduria. During the follow-up, hypoglycemic episodes were noted. Glycosylated hemoglobin levels were lower than the normal range. According to these features, FBS was the suspected diagnosis.
Subject 8
A four-year-old boy, second-born of first-degree consanguineous parents, presented with failure to thrive. It was learned that his uncle had died at the age of 7 years because of liver failure. Physical examination was normal except mild hepatomegaly. Proteinuria and glucosuria were significant. Normal anion gap metabolic acidosis with hypophosphatemia indicated renal tubular acidosis. Urine aminoacid analysis showed generalized aminoaciduria. Liver transaminases were mildly elevated. Bone survey revealed the radiographic evidence of rickets with delayed bone age. Hypoglycemia was not noted and glycosylated hemoglobin levels were normal. Based on these findings FBS was considered as the suspected diagnosis. 
Mutation Analysis
Study Design
Six patients were included into the study for oral glucose tolerance test. Two patients younger than the age of 72 months were excluded because of the possible complications.
To evaluate the glucose tolerance response a standard oral glucose test (OGTT) protocol with 1.75 g/kg oral glucose was performed. Fasting and second hour plasma glucose and serum insulin levels were measured respectively. Mean HbA1c levels in the last year were calculated.
Results
Molecular Analysis
Patient 1. The diagnosis of FBS was confirmed by DNA analysis showing a novel homozygous NM_000340.1c.1069delGinsA ATA A (p. V357Nfs*37) mutation of the SLC2A2 gene; both parents were heterozygous carries of this mutation. As this is a frameshift mutation causing premature stop codon, this mutation was evaluated as a likely pathogenic variant.
Patient 2-3-4-5-6-7. Sequence analysis was performed for SLC2A2 gene, which revealed a previously reported homozygous mutation, NM_000340.1 c.482_483insC (p. G162Rfs*17) As this is a frameshift mutation causing premature stop codon, this mutation was evaluated as a likely pathogenic variant.
Patient 8. Molecular genetic testing was performed for SLC2A2 gene. A novel homozygous NM_000340.1c.575A>G (p.H192R) mutation was detected and both of the parents were heterozygous for the same mutation. In silico analysis by Mutation taster, SIFT, SIFT Provean and Polyphen2 softwares predicts this variant as a disease causing variant. This variant is in a conserved region in different species. We screened 1000 exome data done in our center and we did not detect this variant. This variant was evaluated as a likely pathogenic variant.
Oral Glucose Tolerance Test Results
After an eight-hour fasting period, oral glucose tolerance test with 1.75 g/kg oral glucose was performed to the six patients, elder than 3 years old. Significant hypoglycemia was seen only in one patients (43 mg/dl) (Table II) . Following to the oral glucose load, 120 minutes plasma glucose levels were higher than 140 mg/dl. Four of the patients reached the values between 140-199 mg/dl, which could be determined as impaired glucose tolerance. Postprandial 120 minutes plasma glucose levels were higher than 200 mg/dl in patient 4 and patient 8, although they did not have diabetes mellitus.
Fasting insulin levels were in the normal range in all of the patients according to the simultaneous plasma glucose levels. 120 minutes peak insulin levels were lower than the normal, except the eighth patient. Mean HbA1c levels were in the normal range. Last HbA1c levels also were between 4.4-6.0, indicating both fasting hypoglycemia and postprandial hyperglycemia.
Discussion
Fanconi-Bickel Syndrome is a rare inherited disorder of carbohydrate metabolism, caused by the mutations in the facilitative glucose transporter protein 2 (GLUT2/SLC2A2) gene. 10 GLUT2 provides the glucose release from the hepatocytes during fasting and after feeding GLUT2 transports glucose and galactose into hepatocytes. 2 Defective GLUT2 transporter protein causes impaired glycogen breakdown and gluconeogenesis and therefore fasting hypoglycemia and postprandial hyperglycemia. 5 Excessive renal glucose loss also plays an important role in fasting hypoglycemia. 11 Apart from the facilitative glucose transport, GLUT2 has an important role in insulin secretion from the pancreatic beta cells, which is not clearly defined. 11 Absence of functional GLUT2 protein causes inadequate insulin secretion. This physiological efflux explains the mechanism of neonatal diabetes as the initial presentation of the SLC2A2 mutations during the course of FBS. 12 Consistent with the previous studies, impaired glucose tolerance was detected in all of our patients. After an oral glucose load, 120 minutes glucose levels were higher than 140 mg/dl. Beyond that, two patients, patient 4 and patient 8 can be determined as overt diabetes according to the 120 minute glucose levels. However mean HbA1c levels were in the normal range probably because of the hypoglycemic episodes. Therefore, anti diabetic treatment was not given to these two patients. Frequent followup with oral glucose tolerance tests is planned for these two patients.
While significant fluctuations in blood glucose levels with postprandial hyperglycemia has been reported, phenotypic variability in patients with FBS was a remarkable course even with the same mutations. 13 As a female infant was presented with diabetic ketoacidosis at the age of 33 days, transient neonatal diabetes is a presentation of FBS. 14 Beyond these presentations, the considerable changes to the oral glucose load, up to the diabetes mellitus, have only been reported in our cases. It points to the importance of the follow-up with OGTTs among the FBS patients. Furthermore, our cases with significant hyperglycemia notify the need to develop a consensus on the treatment of hyperglycemia and also diabetes.
Although FBS is a rare disease, in the recent studies many mutations have been described in the SLC2A2 gene. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Three different mutations were detected in 8 patients from six families. Six patients have the NM_000340.1 c.482_483insC (p. G162Rfs*17) mutation, which has been described before, associated with a typical FBS including impaired glucose tolerance. Patient 4 has this mutation and developed diabetic glucose profile at the age of sixteen years old. In this case, the mutation is more moderate and suggests that could lead to the development of diabetes during the follow up.
The novel mutation that is currently described in patient 1; NM_000340.1c.1069delGinsAATAA (p. V357Nfs*37) is a frame shift mutation with a severe presentation including significant rickets and recurrent infections, especially pneumonia. The patient is too young to evaluate the glucose tolerance with an oral glucose tolerance test. Further investigations are needed to predict the course of the disease caused by this mutation.
NM_000340.1c.575A>G (p.H192H) mutation described in patient 8, is also a novel mutation in the SLC2A2 gene, leading a serious course even in the early stages of the disease. Beyond the impaired glucose tolerance, 120 minutes plasma glucose level pointed out overt diabetes. Even there is a significant increment in postprandial insulin level comparing to the fasting levels, it was not enough to maintain normoglycemia after the oral glucose load.
Consistent with the previous studies, despite their tendency to develop postprandial hyperglycemia, HbA1c levels were in the normal range. 16 According to these experiences, in order to avoid the risk of severe hypoglycemia, we recommend follow up with conservative treatment and frequent oral glucose tolerance screening.
In conclusion, impaired glucose tolerance is a common finding of FBS related with the causative mutation. Monitoring with oral glucose tolerance tests and HbA1c levels, even in the younger ones is needed. Requirement for the use of insulin or other medications enhancing the insulin secretion could be decided with the follow up of these patients and further studies.
